The objective of this work was to prepare a novel filament with good biocompatibility and mechanical 33 performance which can meet the demands of surgical sutures. Bacterial cellulose nanocrystals (BCNCs) 34 were used to reinforce regenerated chitin (RC) fibers to form BCNC/RC filaments. Mechanical 35 performance measurements demonstrated that the strength of the BCNC/RC filament was increased 36 dramatically over the RC analogue. A yarn made of 30 BCNC-loaded fibers also achieved satisfactory 37 mechanical performance, with a knot-pull tensile strength of 9.8 ± 0.6 N. Enzymatic degradation studies 38
Introduction 56
Chitin and bacterial cellulose (BC) are both natural products. Chitin, an abundant and important 57 polysaccharide material in nature, is extracted primarily from shellfish sources such as shrimp and crab. 58 (Jayakumar et al., 2011) ; it is also found in small amounts in insects and other invertebrate shells. BC is 59 a biopolymer with the same molecular structure as cellulose from plants, but is made from microbial 60 fermentation, but (Amin, Abadi, & Katas, 2014) . Chitin, BC and their derivatives have been widely 61 studied in the field of biomaterials, often due to their excellent biocompatibility (Li et al., 2015;  Nguyen 62 nitrogen pressure of 0-0.3 MPa (controlled by a pressure regulator) was used to extrude the chitin 184 solutions (5% w/w) at 1.0 mL/min through a commercial spinneret plate containing 30 orifices (diameter: 185 0.1 mm). The spinning dope was spun into a coagulation bath containing a 10% (v/v) aqueous H 2 SO 4 186 solution. The resultant RC fibers were rinsed in deionized water for 3 days, with the water changed every 187
h. 188
Preparation of BCNC/RC fibers. 5.0 g chitin powder was dispersed into 90 g of a solution comprising 189 11% (w/w) NaOH, 4 % (w/w) urea, and 85 % (w/w) H 2 O with stirring. The resultant suspension 190 underwent the same freeze-thaw treatment as detailed above to yield a solution. 10 mL of the BCNC 191 suspension (ca. 5 mg/mL) was dispersed into the chitin solution with stirring for 2 h to prepare the 192 BCNC/RC spinning dope. This results in a chitin concentration of 5% (w/w), ensuring the BCNC/RC 193 fibers can be compared with the RC control. Wet spinning was then performed as described above. 194
Additional spinning dopes were prepared with 5 and 15 mL of the BCNC suspensions. In each case, the 195 chitin concentration was 5 % w/w. 196
Preparation of yarns. The wet-spun fibers underwent twisting and chitin-coating processes in order to 197 provide materials able to match the performance requirements of sutures. A bunch of 30 fibers was 198 twisted using a HC-907 twisting machine (Hengchang Machinery Factory) to yield yarns (Fig. S2c,d) . A 199 chitin solution was prepared for coating using the same method as for the RC spinning dope, but with a 200 concentration of 1.5% w/w. The twisted yarns were passed through the coating solution at a rate of 0.5 201 m/s, before any excess solution on the fibers was removed with a padding mangle, and the yarn passed 202 through a coagulation bath containing a 5 % v/v H 2 SO 4 aqueous solution. 203 observation using a JSM-5600LV scanning electron microscope (SEM; JEOL). 206
Fourier transform infrared spectroscopy (FTIR) . Attenuated total reflectance IR spectra were recorded 207 using a Nicolet-Nexus 6700 FTIR spectrometer (Nicolet Instrument Corp.) over the wavenumber range 208 500-4000 cm -1 and at a resolution of 4 cm −1 . 32 scans were recorded per sample. 209
Mechanical properties. The mechanical properties of single filaments were measured with a T150 210 UTM Nano tensile test system (Agilent) using a gauge length of 20 mm and crosshead speed of 20 211 mm/min. All samples were preconditioned at 20°C and 65% relative humidity for 24 h prior to 212 mechanical testing. The stress and strain properties of the BCNC/RC filaments were recorded, and the 213 mean and standard deviation are reported for n = 20. The knot-pull strength of the BCNC/RC yarn was 214 assessed using a universal testing instrument (AGS-X, Shimadzu) at a speed of 5.0 mm/s. A commercial 215 polyamide (PA) suture was also explored as a benchmark material. The knot-pull strength was measured 216 ten times using suture materials 20 cm in length. The samples were incubated in PBS (pH 7.4) for 30 217 min at 25 ºC before testing. 218
Statistical analysis was carried out using the analysis of variance (ANOVA) method, with a post-hoc 219 Tukey test. A value of p < 0.05 was considered statistically significant. Data are annotated with * for p 220 < 0.05, ** for p < 0.01, and *** for p < 0.001. 221
Enzymatic degradation 222
A gravimetric method was applied to estimate the degradation behavior of the RC and BCNC/RC 223 fibers (Kang, Bi, Zhuo, & Jiang, 2017). The uncoated RC (0.2 g) and BCNC/RC fibers (0.2 g) were 224
placed in 50 mL of a phosphate buffered solution (PBS; pH 7.4) with lysozyme concentrations of 0.2 225 mg/mL or 1.0 mg/mL. This mixture was then incubated in a shaker at 60 rpm and 37 ºC for different timewas removed every day and an equivalent volume of lysozyme solution (in PBS, at 0.2 or 1.0 mg/mL) 228 added. At the appropriate time, the fibers were removed from the medium, washed twice with deionised 229 water to remove residual lysozyme, and air-dried until they reached a constant weight. The degradation 230 was quantified in terms of the remaining mass percentage, which was calculated using the following 231
formula: 232
Remaining mass (%) = W t / W 0 × 100 % 233
Where W 0 is the initial weight of the fibers and W t the residual weight after incubation with lyzozyme. 4 cells/mL) was seeded into each well and incubated (37 ºC, 5% CO 2 ) for 1 or 3 days. 243
After incubation, the cells were studied using two different methods. In the first, the culture plates 244 sutures were applied to the group I (negative control) animals. The mice were resuscitated and monitored 276
daily. 277
Tissue harvest, processing, sectioning and staining. 5 and 10 days after surgery, 3 mice from each 278 group were sacrificed and hair regrowth removed. The wounds were excised along with an area of normal 279 skin of ca. 5 mm around the wound, and pinned flat on dental wax prior to fixation. Tissues were fixed 280 in 4% aqueous paraformaldehyde at 4 ºC for 20 h, prior to processing for paraffin embedding. Sections 281 of the wounds were obtained from horizontal-cutting (illustrated in Fig. S3 ). The cut paraffin sections (5 282 µm thickness) were stained with haematoxylin and eosin (HE) and Masson's trichrome for microscopic 283 examination. 284
Results and discussion 285

Characterization of BCNCs 286
Morphology. SEM shows that BC exists as a 3-D fibrous membrane (Fig. 2a) . Two different 287 concentrations of H 2 SO 4 (60%, 65%) were explored for its acid hydrolysis, and TEM images of the 288 BCNCs obtained after ultrasonic treatment for 30 min are given in Fig. 2b-d . It can be seen that after 289 being hydrolyzed with 60% H 2 SO 4 , BC partially retains its nanofibril structure, and comprises fibers 290 with widths of 10s of nanometers and lengths of several micrometers. After treatment with 65% H 2 SO 4 , 291
BCNCs with width of ca. 20-50 nm and length of 100-300 nm were obtained. A secondary BCNC 292 structure consisting of highly oriented nanofiber bundles with a "bowknot" shape and with diameters 293 ranging from a few nanometers to tens of nanometers can be seen in Fig. 2d The yield of BCNCs under the different hydrolysis conditions was calculated to be 70.9% (60% H 2 SO 4 ) 301 and 61.5% (65% H 2 SO 4 ). Thus, both the yield and the size of the BCNCs can be controlled by adjusting 302 the concentration of H 2 SO 4 used for reaction. The longer BCNCs from hydrolysis with 60% H 2 SO 4 are 303 intertwined with one other, and if these were used to make fibers there is a high probability of these 304 aggregates leading to non-uniformity in the products, for instance in terms of their strength. Hence, 305 although the BCNCs from treatment with 65% H 2 SO 4 were obtained with lower yield, these were adopted 306 for further studies. 307 DLS. In order to investigate the relationship between the size of the nanocrystals and the treatment 308 method, BC was hydrolyzed with 65% H 2 SO 4 either under stirring for 3 h, or with sonication for 2 h or 309 3 h. The different processing conditions have significant effects on the particle size, resulting in particle 310 sizes of 455.3 ± 17.6, 442.5 ± 21.6 and 366.8 ± 13.2 nm respectively. The particle size of BCNCs 311 obtained using the ultrasonic method is smaller and more uniform than that of those prepared with stirring, 312 with the expectation that the BC was not carbonized by 65% H 2 SO 4 . The band at ca. 1028 cm -1 is 325 noticeably stronger in the BCNC spectrum than in the pure BC data, which suggests the presence of some 326 sulfate in the BCNCs. This might indicate that some cellulose sulfate has been generated during the 327 digestion process. 
Fabrication and characterization of RC and BCNC/RC filaments
to have good compatibility and to mix well. BCNCs could be dispersed very effectively in a chitin 337 solution, with no obvious phase separation observed even if the solutions were left for 10 days. RC and 338 BCNC/RC filaments could easily be fabricated via the wet spinning technology. Fig. 3B(a) and 3B(b)  339 show that both the RC and BCNC/RC filaments have smooth surfaces, and diameters of 19.8 ± 1.2 µm 340 and 20.8 ± 1.3 µm respectively. The surface of the BCNC/RC filament appears rougher, and its diameter 341 is also a little higher than the RC filament. The volume of BCNC suspension added ranged from 5-15 342 mL, and the suspension has a solid content of ca. 5 mg/mL. Correspondingly, the solid BCNC content 343 of 100 mL of the spinning dope ranges from 25-75 mg. In contrast, the chitin content of the same quantity 344 of spinning dope is 5 g. Therefore, the BCNCs comprise a small proportion of the total solid content of 345 the spinning solution, and thus make little difference to the diameter of the filaments. 346
The surface morphology of the twisted yarns is depicted in Fig. 3B 
(c) and 3B(d). The diameter of the 347
yarns is about 200 µm, and there are no obvious differences between the RC and BCNC/RC materials. 348 Fig. 3B (e) displays the surface appearance of the coated yarn. The fibers are completely enveloped inside 349 the coating. If the coating is deliberately torn, the inner fibers are easily seen (Fig. 3B(f) ). A summary of 350 the key parameters of the yarns is given in the Supplementary Information (Table S1) . 351 FTIR. ATR-FTIR spectra of the BCNCs, RC fibers and BCNCs/RC fibers are given in Fig. 3C . of the chitin macromolecules (or both); this increases the strength of the fibers, but at the expense of 372 extensibility. However, the latter remains high, fully appropriate for suture applications, and the key aim 373 of increasing mechanical strength has been achieved with 10 mL of BCNCs. In contrast, both the stress 374 and strain decrease when the volume of BCNC suspension was raised to 15 mL. 375
A statistical analysis of the mechanical data of the fibers was performed, and the results are shown in 376 Fig. S4 and Fig. S5 . It can be seen from Fig. S4 that the ultimate stress of all fibers with BCNCs added 377 is significantly greater than the control fibers with no BCNCs. Similar observations for stress can be 378 made (Fig. S5) , with all BCNC-containing fibers having stress significantly lower than the control. There 379 are also differences between the mechanical strength and elasticity of the fibers when the amount of 380 BCNCs added increases from 5 mL to 15 mL. There is a significant increase in strength upon going from 381 0 to 5 mL to 10 mL, and then a significant decrease moving from 10 to 15 mL. There is no significant 382 difference between the strength of fibers incorporating 15 mL and 5 mL of the BCNC suspension. 383
Considering the elasticity, there is a general decline in strain as the amount of BCNCs added rises, which 384 is significant upon moving from 0 to 5 mL but not between 5 and 10 mL or 10 and 15 mL. There is 385 however a significant difference between the 15 mL and 5 mL fibers in strain terms. Overall, the results 386
indicate that the addition of 10 mL of BCNCs appears to mark a transition point in the fiber properties, 387
and it can be concluded that 5-10 mL of the BCNC suspension should be used to produce fibers with 388 optimum mechanical properties. The flexibility and extensibility of chitin fibers are very high, and 389 therefore the slight decrease in extensibility upon BCNC addition should not compromise the application 390 of the fibers. 391 Table 1  392 Mechanical properties of the RC and BCNC/RC filaments (mean ± S.D., n=20).
393
Volume of BCNCs added (mL) Fiber diameter (μm) Ultimate stress (MPa) Ultimate strain (%) 0 20.5 ± 1.7 126.5 ± 11.5 9.7 ± 1.1 5 21.2 ± 1.5 157.6 ± 11.8 8.8 ± 1.0 10 22.4 ± 1.6 186.2 ± 12.4 8.3 ± 0.7 15 23.5 ± 1.8 153.3 ± 13.5 7.8 ± 0.7 394 395 Table 2  396 Knot-pull tensile strength of the RC and BCNC/RC yarns before and after PBS impregnation (mean ± 397 S.D., n=10). 398 Sample Knot-pull tensile strength (N)
Unimpregnated
Impregnated in PBS for 24 h RC yarn 8.6 ± 1.1 6.9 ± 0.5 RC yarn with coating 6.3 ± 0.9 6.8 ± 0.6 BCNC-5mL/RC yarn 11.7 ± 1.3 9.5 ± 0.7 BCNC-5 mL/RC yarn with coating 8.2 ± 1.2 8.8 ± 0.8 BCNC-10mL/RC yarn 12.8 ± 1.3 11.2 ± 0.9 BCNC-10mL/RC yarn with coating 8.9 ± 1.4 9.8 ± 0.6
399
The knot-pull tensile strength of the yarns was also measured, because this is crucial for a surgical 400 suture. The flexibility of the yarns decreased slightly after coating, as can be seen from the data in Table  401 2. The knot-pull tensile strength of all the coated yarns is lower than that of the uncoated materials. The 402 reason for this may be the absence of drawing during the coating process. To improve their flexibility, 403 the yarns were impregnated in PBS for 24 h. The results show that after this treatment the BCNC-loaded 404 yarns achieved satisfactory mechanical performance, with a knot-pull tensile strength of 9.8 ± 0.6 N. 
Evaluation of in vitro cytocompatibility 437
It is known that chitin and cellulose themselves have very good biocompatibility, but it is still 438 necessary to determine whether the reprocessed composite products retain these properties. Two samples, 439 the BCNC-10 mL/RC filaments and the coated BCNC-10 mL/RC yarn were evaluated for their 440 cytotoxicity. It is evident (Fig. 5a ) that after incubation for 1 and 3 days, the MTT absorbance of untreated 
Evaluation of in vivo biocompatibility 458
Images showing wound healing progression are presented in Fig. 6A . It is obvious that for the Group-459 I animals (negative control; no sutures) the wound did not heal in the 10 days after the operation. For 460
Group-II (commercial sutures), Group-III (coated BCNC-10 mL/RC sutures) and Group-IV (uncoated 461 BCNC-10 mL/RC sutures), slight swelling and inflammation was observed around the wounds after three 462 days. However, after ten days, the suture lines fell off the skin without any external treatment, and the 463 wound notches were completely healed with no signs of edema or rash. There were no significant 464 differences between the BCNC/RC sutures and PA suture in terms of the healing of the skin surface. 
